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We onsider a model with a harged vetor eld along with a Cremmer-Sherk-Kalb-Ramond
(CSKR) matter eld oupled to a U(1) gauge potential. We obtain a natural Lorentz symme-
try violation due to the loal U(1) spontaneous symmetry breaking mehanism triggered by the
imaginary part of the vetor matter. The hoie of the unitary gauge leads to the deoupling of the
gauge-KR setor from the Higgs-KR setor. The exitation spetrum is arefully analyzed and the
physial modes are identied. We propose an identiation of the neutral massive spin-1 Higgs-like
eld with the massive Z
′
boson of the so-alled mirror matter models.
PACS numbers: 12.60.-i,11.10.-z,11.15.Ex,11.30.Cp
I. INTRODUCTION
Systemati studies of the relations between topologial models in (1+2)D and the phenomenology of planar theories,
as high-Tc superondutivity have been taken into aount sine the formulation of the Chern-Simons theory [1, 2℄.
One remarkable harateristi extrated from the dynamis of the high-Tc superondutors is the violation of the P -
and the T -symmetries. This fat emphasizes its planar nature. As a matter of fat, topologial models originated
from Chern-Simons term are restrited to desribe objets living in (1 + 2)D. This aspet has motivated the study
of extensions of planar gauge theories and the mathematial properties underlined, suh as the frational statistis
[3℄. Relevant extensions are the omplex Maxwell-Chern-Simons (MCS
∗
) model in (1 + 2)D [4℄ and, the omplex
Maxwell-Chern-Simons-Proa theory(MCSP
∗
). The planar senario and the dynamial mass generation of these two
models were largely exploited in Ref. [5℄. In this ontext, the physial investigation of topologial dynamial aspets
of omplex matter vetor elds may still be better explored, speially in (1 + 3)D high-energy physis as well as in
ondensed matter systems.
The onept of topologial models in (1 + 3)D has been rstly pointed out by Cremmer and Sherk [6℄, and Kalb
and Ramond [7℄; we refer to this lass of models as the CSKR model. In these works, a topologial term in (1 + 3)D
is introdued whih is an extension to the well-known Chern-Simons term in (1 + 2)D. This topologial CSKR
term introdues a diret oupling between a 1-form gauge eld and another 2-form gauge eld without an eetive
ontribution to the energy and the momentum of the model; it however gives a mass ontribution at tree-level. The
CSKR, as a topologial model, is another andidate to generate mass without introduing a Higgs salar eld into
the Lagrangian. So, gauge symmetry is preserved and a massive spin-1 boson appears. Consequently we an inquire
whether a harged spin-1 vetor boson ould be inorporated into the spetrum of the CSKR model. Inidentally,
vetor-tensor eld models have been largely studied, partiularly in the ontext of N = 2 supersymmetri models
[8℄. On another hand, the ontration of a Chern-Simons term with a xed vetor has been proposed in order to
build up a Lorentz-violating model to desribe astrophysial eets and osmologial new perspetives (possibly from
geometrial origin) due to the variation of the universal onstants [9℄. Indeed, reent works have suggesting models to
study Lorentz violation: D. Colladay and Kosteleký [10, 11℄ suggested a general Lorentz-violation extension of the
Standard Model inluding CPT-even and CPT-odd terms in (1+3)D. They have obtained that the extension presents
∗
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2a gauge invariane and onserved energy-momentum tensor while ovariane under partile rotations and boosts is
broken. Coleman and Glashow [12, 13℄ have also investigated tiny non-invariant terms introdued into the standard
model Lagrangian in a perturbative framework. The eets of these perturbations inrease rapidly with the energy
for a preferred frame what implies in a Lorentz-violation of the system. The ourrene of the dynamial breaking
of the Lorentz symmetry in Abelian vetor eld models with the Wess-Zumino interation have been explored by
Andrianov and Soldati [14, 15℄. On the other hand, Carrol, Field and Jakiw [16℄ have demonstrated that ordinary
Chern-Simons terms, studies previously in (1+2)D, an ouple to dual eletromagneti tensor to an xed and external
four-vetor. The eets of this Chern-Simons terms in Lorentz and CPT-violation have also been treated by Jakiw
and Kosteleký [17℄.
The aim of this work is to study a harged vetor-tensor matter eld model based on the omplex extension of the
CSKR model. We build up a full Lagrangian model where all the possible invariant terms are inluded. Furthermore,
we add up a loal U(1) symmetry in order to have an interating harged vetor-tensor eld model where a gauge eld
Aµ mediates the interation. In this model, the 1- and 2-form elds an oexist and interat with eah other by means
of a topologial term in (1 + 3)D. To hek the onsisteny in a quantum eld-theoreti sense, we disuss aspets
suh as ausality, unitarity of the exitation spetrum. To this aim, we take into aount the loal U(1) interation
formulation and we will analyze the vauum states in the low-energy limit.
Due to the vetor nature of the order parameter of the model, the ground state is identied with a onstant four-
vetor (we all bµ) whih implies an anisotropy of the vauum state as a by-produt and naturally indues Lorentz
symmetry violation. This vauum anisotropy has reently reeived muh attention in onnetion with astrophysial
phenomena [18℄. We study the role played by the vetor bµ and its onsequenes to the physial degrees of freedom
desribed in the spetrum of the model. We also explore the possible onsistent (no ghost and no tahyon) hoies of
this vetor bakground.
The outline of our paper is as follows: in Setion II, we introdue the full global U(1) vetor-tensor matter eld
model and obtain the equations of motion, the Noether and the topologial urrents. In Setion III, using the hint of
aommodating the two kind of urrents in a duplet, we ompute the propagators, poles and the physial onsisteny
relation obeyed. In Setion IV, we swith on an interating gauge eld and introdue a loal U(1) symmetry. We study
the SSB mehanism and onlude that the potential ahieves its minimum for a non-vanishing vauum expetation
value of the harged vetor matter eld. We adopt to work with the unitary gauge and, in Setion V, we study the
spetrum and onsisteny relations for the gauge-KR setor. In Setion VI, the Higgs-KR setor is analyzed. Finally,
in Setion VII, we disuss and omment our results.
II. THE GLOBAL U(1) VECTOR-TENSOR FIELD MODEL
Based on the CSKR model, we propose to study a full U(1) harged vetor-tensor matter eld model [6, 7℄ where we
have also inluded the topologial terms. It an be written down as
L = 1
3
G∗µνκG
µνκ − 1
2
F ∗µνF
µν − (∂µBµ)∗(∂νBν) + 2(∂µHµν)∗(∂ρHρν) +
+α2B∗µB
µ + λ(B∗µB
µ)2 − β2H∗µνHµν +mǫµνρσB∗µ∂νHρσ +mǫµνρσBµ∂νH∗ρσ, (1)
where Bµ and Hµν are the matter vetor and tensor elds respetively, α and β represent the mass term parameters of
the elds, λ represent the self-interating parameter and m the topologial mass1. The eld strengths an be dened
by
Gµνκ = ∂µHνκ + ∂νHκµ + ∂κHµν ,
Fµν = ∂µBν − ∂νBµ. (2)
We observe that the topologial term is a mixed one formed by Bµ and Hµν in 4D as the term studied in the Ref.
[6, 7℄. Consequently, m is regarded as a topologial mass. We also onsider a potential term that denes the quadrati
mass parameters α2 and β2. The onserved matter urrent Jµ stemming from the global U(1) symmetry is given by,
Jµ = i(BνF
µν∗ −B∗νFµν)− i(H∗νκGµνκ −HνκGµνκ∗) +
+imǫµνκλ(B∗νHκλ −BνH∗κλ) + i[Bµ(∂νBν)∗ −Bµ∗(∂νBν)] +
−i[(∂ρHρν)∗Hµν − (∂ρHρν)Hµν∗]. (3)
1
We also adopt the metri (+,−,−,−).
3The oupled Euler-Lagrange equations are
✷Bν = −α2Bν − λ(B∗µBµ)Bν −mǫνκλρ∂κHλρ,
✷Hνκ = −β2Hνκ +mǫνκλρ∂λBρ. (4)
Aording to the symmetry of the Lagrangian (1), we notie the ourrene of a B4-interation term that determines
a anti-symmetrized identially onserved topologial urrent of type,
Jµν =
1
2
ǫµνκλ∂κBλ. (5)
Its assoiated topologial-vetor-harge gives rise to vetor solitons solution whose value may be regarded as a
quantum number. Indeed, this topologial urrent indues diretly the nonlinear behavior on the vetor-matter eld
setor. The investigation of the nonlinear dynami and the non-trivial onguration of the elds with anisotropi
energy in (1 + 2)D will be explored in a forthoming work.
III. THE SPECTRUM ANALYSIS
In order to verify the physial spetrum, we rearrange the Lagrangian (1) in a linearized form, or
L = VtOV, (6)
where O is a unitary wave operator and we represent V as a vetor-tensor duplet or,
V =

 Bµ
Hµν

 , (7)
To obtain the propagators by means of the usual mehanism, we take the O−1 using the usual produt algebra of the
ordinary longitudinal, transverse and spin projetor operators, whih respetively are ωµν , θµν and sµνλ = ǫ
γ
µνλ∂γ .
In addition, we also have the anti-symmetri longitudinal and transverse spin four-indexed projetor operators written
down as,
θµν,λρ =
1
2
(θµλθνρ − θµρθνλ), ωµν,λρ = 1
2
(ηµλωνρ − ηµρωνλ), ηµν,λρ = 1
2
(ηµληνρ − ηµρηνλ), (8)
whih implies a losed algebra, suh that
θαβ,λρ ω
αβ
,λρ s
αβ
λ
θµν,αβ θµν,λρ 0 sµνλ
ωµν,αβ 0 ωµν,λρ 0
sµαβ sµλρ 0 −✷θµλ
,
where we have obtained that ηµν,λρ = ωµν,λρ + θµν,λρ. We obtain the propagators, in the momentum spae, whih
an be written down as
< B∗µ, Bν > =
i
(k2 − α2)ωµν +
i(k2 − β2)
(k2 − µ2+)(k2 − µ2−)
θµν ,
< B∗µ, Hνλ > = < H
∗
µν , Bλ >=
im
(k2 − µ2+)(k2 − µ2−)
sµνλ,
< H∗µν , Hλρ > =
i
(k2 − α2)ωµν,λρ +
i(k2 − β2)
(k2 − µ2+)(k2 − µ2−)
θµν,λρ,
(9)
where,
µ2± =
α2 + β2 + 2m2 ±
√
(α2 + β2 + 2m2)2 − 4α2β2
2
, (10)
4whih an be easily veried to be real and positive. As a onsequene, we observe that the poles k2 = α2, k2 = β2,
k2 = µ2+ and k
2 = µ2− indiate the absene of tahyon states. Another point is the positivity of the norm of the states
veried from the analysis of the residues of the propagators obtained. To do that, we take the transition amplitudes
onsidering the doublet "vetor-tensor urrent", whih an be written down as,
J =
(
Jµ
Jµν
)
, (11)
where Jµ is the usual Noether urrent, and Jµν is the urrent given in the eq. (3) and (5) whih is onserved by
denition.
We observe that there are two dynamial physial poles, both desribing massive partiles speied by µ2+ and
µ2−. The transverse topologial setors are non-dynamial. We obtained that the propagators < B
∗
µ, Bν > and
< H∗µν , Hλρ > have the same poles and onsequently the same partiles. The rossing ones have no dynamis. We
an see an order in the spetrum of the model whih obeys the relation
µ+ > β > α > µ−, (12)
resulting in a onsistent physial model. We observe that to perform the analysis of the degrees of freedom in 1 + 3
dimensions it was neessary to take the antisymmetri topologial urrent Jµν given in (5) to omplete a doublet
with the usual vetor one (Jµ). Indeed, the topologial urrent has indued diretly the nonlinear behavior of the
vetor-matter eld setor.
IV. THE LOCAL U(1) THEORY AND SSB
To introdue interations into the model representing by the matter Lagrangian (1), we take as loal the symmetry
phase, as the usual method, or
B
′
µ = e
−iΛ(x)Bµ, and H
′
µν = e
−iΛ(x)Hµν . (13)
In this way the symmetries are restored, introduing the invariant Lagrangian written as,
Lint = 1
3
G∗µνκGµνκ −
1
2
F∗µνFµν −
1
4
fµνfµν − (DµBµ)∗(DνBν) + 2(DµHµν)∗(DρHρν) +
+mǫµνκλB∗µDνHκλ +mǫ
µνκλBµ(DνHκλ)
∗ + α2B∗µB
µ + λ(B∗µB
µ)2 − β2H∗µνHµν , (14)
where Dµ = ∂µ + ieAµ is the ovariant derivative. The above Lagrangian desribes an interation model between the
matter elds Bµ, Hµν and the gauge eld Aµ, where we dene
Gµνκ = DµHνκ +DνHκµ +DκHµν , Fµν = DµBν −DνBµ, and fµν = ∂µAν − ∂νAµ. (15)
The new onserved urrent an be written down as,
∂µf
µν = J ν = i(BνFµν∗ −B∗νFµν)− i(H∗νκGµνκ −HνκGµνκ∗) +
+imǫµνκλ(B∗νHκλ −BνH∗κλ) + i[Bµ(DνBν)∗ −Bµ∗(DνBν)] +
−i[(DρHρν)∗Hµν − (DρHρν)Hµν∗], (16)
where J ν is the ovariant matter urrent.
As we have seen, the ovariant interating vetor-tensor model desribed by the Lagrangian (14) introdues a
U(1) gauge eld, Aµ. To explore the behavior of these elds at low-energy phenomenology, we take the spontaneous
breaking of gauge symmetry mehanism. As the model arries vetor and tensor elds as matter degrees of freedom,
the disussion of the SSB beomes subtle. The quarti self-interating non-linear term of the matter eld Bµ in the
Lagrangian (14) ould play a role similar to the Higgs eld, but with a vetor nature. The λ(B∗µB
µ)2 does not spoil
the invariane of the Lagrangian under the group of the loal U(1) transformations. So, the ondition of a minimum
of the energy (E) an be obtained taking the minimum of the potential energy (V ), or
dE
dBµ
=
dV
dBµ
= α2B∗µ + 2λ(B
∗
νB
ν)B∗µ = 0, (17)
5where it is analogous to the B∗µ term, realling that α
2
is a mass parameter. In this ase, the situation where α2 < 0,
and λ > 0, introdues a non-trivial vauum, and it follows that the energy is a minimum at,
B∗µB
µ = bµb
µ = b2 = −α
2
2λ
u2, (18)
where we observe that, in this ase, we require that b2 be a onstant 4-vetor parameter suh that −α22λ > 0. In fat,
we observe that the VEV for the eld Bµ is given by,
〈0|Bµ|0〉 = bµ =
√
−α2
2λ
uµ, (19)
where uµ is a unitary vetor whih lying in a xed diretion in the spae-time. In turn, it breaks the Lorentz
symmetry, and due to this arbitrariness we have to hoose amongst the possible types of vetor: u2 = 1 (time-like),
u2 = −1 (spae-like) or u2 = 0 (light-like), analogous to the ase studied in the Ref. [20℄. As we are interested
to deal with non-trivial ongurations of the elds, we exlude the light-like possibility. Consequently, we reah a
non-trivial vauum solution for an energy E whih breaks spontaneously the U(1) loal symmetry, and also violates
the Lorentz symmetry. We emphasize that the Lorentz violation ame along as by-produt eet of the internal
symmetry breaking. The Lorentz violation has reeived muh attention due to possible astrophysial and ondensed
matter eets [9, 21℄, whih deserves a more deep analysis. In this work, we are going to verify the mass spetrum of
this model. To this purpose, we begin by observing that the system under onsideration has an innite set of vauum
states, orresponding to points on a irle of radius given by the Eq. (19) posed on the omplex plane of the eld Bµ.
So, we an deompose the omplex elds into omponents and we shift the eld Bµ along the real axis (analogous to
the Higgs mehanism). So we have
Bµ → Bµ + bµ = Xµ + iYµ + bµ, and Hµν → Pµν + iQµν, (20)
so, we an express the potential term as,
V = λ(B∗µB
µ − b2)2 − λb4 − β2H∗µνHµν , (21)
whih are substituted into the Lagrangian (14), whose expansion we nd,
Lbroken = 1
3
PµνκP
µνκ +
1
3
QµνκQ
µνκ − 1
2
XµνX
µν − 1
2
YµνY
µν − (∂µXµ)2 − (∂µY µ)2 + 2(∂µPµν)(∂ρPρν)
+2(∂µQ
µν)(∂ρQρν)− e2b2AµAµ − 1
4
fµνf
µν + 2e(bµAν)(∂µYν)− 2e(Aµbν)(∂µYν) + 2e(∂µY µ)(Aνbν)
+2mǫµνκλXµ∂νPκλ − 2emǫµνκλbµAνQκλ + 4λbµbνXµXν − β2PµνPµν − β2QµνQµν
+higher order terms, (22)
where Xµν , Yµν , Pµνκ and Qµνκ, are the eld-strengths of their respetive real omponents of 1- and 2-form elds
written in the denitions Eq. (20). We observe that the Lagrangian (22) is non-diagonal, what beome a subtle
omputation. The terms 2e(bµAν)(∂µYν), −2e(Aµbν)(∂µYν) and 2e(∂µY µ)(Aνbν) an be absorbed by arrying out
the following eld re-denitions,
Aµ → Aµ − qν(∂µY ν) + qν(∂νYµ) + qµ(∂νY ν), and fµν → fµν + γYµν +Σµν(∂αY α), (23)
where qν , γ and Σµν are operators that an be easily found by manipulating (23) and (22), whih an be dene as
qν =
bν
eb2
, γ = qα∂α, and Σµν = qµ∂ν − qν∂µ. (24)
So, the resulting Lagrangian (22) is non-gauge-invariant beause the Lorentz symmetry is broken. It breaks translation
due to the presene of the γ operator, and it breaks rotation by virtue of the Σµν operator present in the new
denitions in Eq. (23). Nevertheless, we an eliminate the Yµ eld by means of a gauge hoie, piking a partiular
gauge parameter in the U(1) phase transformation; so,
X
′
µ = Xµ − ΛYµ,
Y
′
µ = Yµ − ΛXµ + Λbµ,
(25)
6where Λ is an arbitrary gauge parameter. In fat, we an gauge away the Yµ eld hoosing a partiular gauge, bearing
in mind the unitarity ondition on the partile spetrum. Then Aµ eld aquires mass due to the presene of the
salar eld-parameter Λ = Φ in its longitudinal mode. This desribes the assoiated Higgs-Mehanism for a omplex
vetor. It an be seen through the following re-dened transformations,
Aµ → Aµ − ∂µΦ, f
′
µν = fµν . (26)
Then, the Lagrangian (22) an be rewritten in the absene of the interation terms as,
Lbroken = 1
3
PµνκP
µνκ +
1
3
QµνκQ
µνκ − 1
2
XµνX
µν − (∂µXµ)2 + 2(∂µPµν)(∂ρPρν) + 2(∂µQµν)(∂ρQρν) +
− e2b2AµAµ − 1
4
fµνf
µν + 2mǫµνκλXµ∂νPκλ − 2emǫµνκλbµAνQκλ + 4λbµbνXµXν +
−β2PµνPµν − β2QµνQµν . (27)
In order to extrat the physial ontent of the Lagrangian (27) one an split it in two setors,
Lgauge−KR = 1
3
QµνκQ
µνκ − 1
4
fµνf
µν + 2(∂µQ
µν)(∂ρQρν)− e2b2AµAµ − 2emǫµνκλbµAνQκλ +
−β2QµνQµν , (28)
LHiggs−KR = 1
3
PµνκP
µνκ − 1
2
XµνX
µν − (∂µXµ)2 + 2(∂µPµν)(∂ρPρν) + 2mǫµνκλXµ∂νPκλ
+4λbµbνX
µXν − β2PµνPµν , (29)
where we an observe from the Lagrangian (28) that the gauge eld only interats, via topologial term, with the
imaginary part of the tensor KR eld. We an also observe that the mass of the Aµ eld depends on the vetor
bµ, the broken parameter, and on the topologial mass as well. On the other hand, the Lagrangian (29) indiates
that the vetor bµ ontributes to the mass of the real part of the original neutral meson eld. We emphasize that
the appearane of this new boson eld does not presribe any new symmetry group in the model. To verify the
onsisteny, we are going to ompute the spetral analysis separately.
V. THE SPECTRUM OF THE GAUGE-KR SECTOR
A remarkable feature of the Lagrangian (28) is that it ontains a massive gauge vetor eld (Proa) that interats
with a 2-form KR eld. An analysis of the physial degrees of freedom requires to deal with the unitary gauge (25).
Then, taking that the elds are well-behaved asymptotially, we an rearrange the Lagrangian onsidering a mixed
doublet dened as U
t = (Aµ, Qµν). So, the Lagrangian Lgauge−KR = UtOU where O an be easily written down
from the Lagrangian (28). From the inverse operator, O−1 we an obtain the propagators, in the momentum spae,
as
< Aµ, Aν > =
i
(k2 + e2b2)
Λµν +
i(k2 − β2)
(k2 − τ2+)(k2 − τ2−)
Ωµν ,
< Aµ, Qνλ > = < Qµν , Aλ > =
im
(k2 − τ2+)(k2 − τ2−)
Πµνλ, (30)
< Qµν , Qλρ > =
i
(k2 + e2b2)
Λµν,λρ +
i(k2 − β2)
(k2 − τ2+)(k2 − τ2−)
Ωµν,λρ,
in this above expressions we have used the longitudinal, Λµν , and transverse, Ωµν and Πµνλ, given by,
Λµν =
bµbν
b2
, Ωµν = ηµν − bµbν
b2
and Πµνλ = ǫ
γ
µνλbγ . (31)
whose multipliative table looks as below:
Ωαν Λ
α
ν Π
α
νλ
Ωµα Ωµν 0 Πµνλ
Λµα 0 Λµν 0
Πµα
λ Πµν
λ 0 −b2Ωµν
7We an also dene the anti-symmetrized longitudinal and transverse operators as,
Ωµν,λρ =
1
2
(ΩµλΩνρ − ΩµρΩνλ), Λµν,λρ = 1
2
(ηµλΛνρ − ηµρΛνλ), ηµν,λρ = 1
2
(ηµληνρ − ηµρηνλ), (32)
whih implies the losed produt algebra:
Ωαβ,λρ Λ
αβ
,λρ Π
αβ
λ
Ωµν,αβ Ωµν,λρ 0 Πµνλ
Λµν,αβ 0 Λµν,λρ 0
Πµαβ Πµλρ 0 −b2Ωµλ
,
where in addition we an observe that ηµν,λρ = Λµν,λρ +Ωµν,λρ. The mass values, τ
2
±, are easily obtained as,
τ2± =
e2b2 − β2 ±
√
(β2 + e2b2)2 + 8m2e2b2
2
to the ase where u2 = 1
(33)
τ2± =
−e2b2 − β2 ±
√
(β2 − e2b2)2 − 8m2e2b2
2
to the ase where u2 = −1.
For the ase u2 = 1 (time-like ondition), only τ+ denes a physial exitation. τ− is a tahyoni exitation. On the
other hand, to u2 = −1 (spae-like ondition), both τ+ and τ− are physial exitations for the restrit values of the
topologial mass,
m <
β2 − e2b2√
8eb
, (34)
where b = |bµ|. Observe that β annot be zero, and β > e|b|, resulting that the Lorentz symmetry breaking implies
an anisotropy of the spae-time is realized as a mass generation on the gauge eld, similar to the Higgs mehanism
whose onsisteny is ensured by the presene of a mass term for the 2-form Hµν eld.
VI. THE SPECTRUM OF THE HIGGS-KR SECTOR
Now, we are going to verify the physial spetrum of the Higgs-KR setor. In a similar way as in the previous
ase, we are also going to analyze the onsequenes of the breaking on the spetrum of the Lagrangian (29). We an
verify that due to the presene of an anisotropi spae-time, the Xµ neutral vetor eld is deformed, whih implies
non-dened propagator poles. Therefore, the physial states an be only obtained by onsidering the projetions of
the Xµ eld along, and perpendiular to the bµ vetor. Then dening the Wµ and Zµ as the parallel and transverse
projetions of the Xµ eld respetively, or
Wµ =
bαX
α
b2
bµ (35)
Zµ = Xµ − bαX
α
b2
bµ. (36)
We an perform rotations at eah point in deformed-spae where the doublet U
t = (Xµ, Pµν) an be taken as,
U
t = (Xµ, Pµν)⇒ {U(W )t = (Wµ, Pµν)longitudinal |Wµ = bαX
α
b2
bµ, Zµ = 0} (37)
U
t = (Xµ, Pµν)⇒ {U(Z)t = (Zµ, Pµν)perpendicular |Zµ = Xµ − bαX
α
b2
bµ, Wµ = 0} (38)
The doublets U(W ) and U(Z) are orthogonal and must be hosen non-simultaneously. Then we an now to rewrite
the Lagrangian (29) for eah one of the above situations, whih for the U(W ) ase as yields as
L(W ) = −Pµν(ηµν,λρ✷)Pλρ −Wµ(ηµν✷)Wν + 4λb2WµWµ − β2PµνPµν +mǫµνρσWµ∂νPρσ −mǫµνρσPρσ∂νWµ, (39)
hene, we an note that by substituting the redenition of the Wµ eld (35) into (29) the ross massive term
4λbµbνX
µXν is transformed to 4λb2WµW
µ
and so given a mass term form. On the other hand, we an hoose
the Xµ eld perpendiular to bµ, where one an write (29) in the U(Z) ase. We have that
L(Z) = −Pµν(ηµν,λρ✷)Pλρ + Zµ(ηµν✷)Zν − β2PµνPµν +mǫµνρσZµ∂νPρσ −mǫµνρσPρσ∂νZµ, (40)
8where the mass term 4λbµbνX
µXν is gauged away. In order to verify the degrees of freedom of these two ases, we
are going to deal with the Lagrangian expressions (39) and (40), and use the analogous method of the matter-gauge
ase. So we now have two operators: O(W ), O(Z) and their respetive inverses whose are straightforward obtained.
The assoiated to O(W )−1 propagator is obtained as,
< Wµ,Wν > =
i
(k2 − α¯2)ωµν +
i(k2 − β2)
(k2 − µ¯2+)(k2 − µ¯2−)
θµν ,
< Wµ, Pνλ > = < Pµν ,Wλ >=
im
(k2 − µ¯2+)(k2 − µ¯2−)
sµνλ, (41)
< Pµν , Pλρ > =
i
(k2 − α¯2)ωµν,λρ +
i(k2 − β2)
(k2 − µ¯2+)(k2 − µ¯2−)
θµν,λρ,
where we have dened
µ¯2± =
α¯2 + β2 + 2m2 ±
√
(α¯2 + β2 + 2m2)2 − 4α¯2β2
2
(42)
and α¯ = 4λb2. In same way, for the perpendiular wave operator O(Z)−1 result in,
< Zµ, Zν > =
i
k2
ωµν +
i(k2 − β2)
k2(k2 − ξ2)θµν ,
< Zµ, Pνλ > = < Pµν , Zλ >=
im
k2(k2 − ξ2)sµνλ, (43)
< Pµν , Pλρ > =
i
(k2 − β2)ωµν,λρ +
i
(k2 − ξ2)θµν,λρ,
where ξ2 = β2 + 2m2. In order to guarantee unitarity, we must have the real part of the urrent-urrent amplitude
greater than zero. We an observe from the propagators (41), that the longitudinal setors of the elds W and P
exhibit no tahyons and they are not dynamial. On the other hand, the transverse degrees of freedom of the non-
mixing terms are physial as far as we assume in the expression (42) that µ¯2+ > µ¯
2
−, µ¯
2
+ > β¯
2
and α¯2 > µ¯2−. As a
onsequene, the L(W ) has a pole k2 = µ¯2+ for the propagator < Wµ,Wν >T , and a pole k2 = µ¯2− for the propagator
< Wµν ,Wλρ >
T
; they are dynamial physial exitations.
VII. CONCLUSIONS
In this paper, we have presented a harged vetor-tensor (CSKR) matter eld model whih shows a onnetion
between vetor (1-form) eld Bµ and an antisymmetri tensor (2-form) eld Hµν via a topologial interation in
(1+3)D. Furthermore, it presents a global U(1) symmetry. We have shown that the introdution of a self-interating
B4-type potential in Lagrangian (1) is neessary to dene a topologial 2-form (tensor) urrent (5). Thus, we propose
a vetor-tensor urrent whih is a doublet where it aommodates the ordinary Noether urrent Jµ along with the
topologial 2-form urrent Jµν . With this proedure, we an obtain the physial spetrum of the model in a diret
way, where we verify the existene of two distint simple physial (non-tahyoni and non-ghost) poles with masses
µ+ and µ− for the transverse setors. We emphasize that, in spite of the peuliar form of the model, the longitudinal
ones deouples. The propagator poles inlude topologial (α2) and Proa (β2) mass parameters what implies that the
very same physial degrees of freedom are present in the propagators of the 1-form Bµ (KR) eld and the 2-form Hµν
(KB) eld. In the harged ase, we introdue a gauge interating eld Aµ and we explore the low-energy dynamis
of the model, by studying the spontaneous symmetry breaking (SSB) mehanism. The quarti form of the potential
energy of the vetor-tensor matter eld indiates the SSB mehanism ould take plae for this eld. Only the vetor
(1-form) Bµ (KR) eld an reah the very minimum of energy of the model, onsequently it is responsible for SSB
mehanism. On the other hand, the vauum energy value of this eld naturally violates the Lorentz symmetry whih
xed a vetor deviation to the minimum and implies ontributions to the splitting of the mass spetrum. We observe
that the possibilities of the xed vetor has to be of physial onsisteny preventing ghost and tahyon degrees of
freedom, and so following in an analogous way the lassiation obtained in Ref. [20℄. The eets of Lorentz-violating
terms have reently been an objet of study due to astrophysial eets and to ondensed matter [9, 21℄. We have
studied the ontributions of the xed vetor bµ to the mass at tree-level, where to this purpose we suitable introdue
the unitary gauge and we redene the elds and parameters in this eetive resulting model. We remark that the
9eld Yµ is gauged away and we onsequently reover the usual gauge transformation of the dynamial elements of
the model. We obtain two independent dynamial systems: one desribes a model where a KB-eld interats with a
gauge eld; and another a neutral KB-eld interating with the Higgs vetor eld. We emphasize that this model
presents a new neutral vetor partile without the introdution of an extra U(1) as it has been largely explored
in the literature. Indeed, many phenomenologial works have been proposed with the aim of suggesting and extra
symmetry to aount for disrepanies in the Standard Model, partiularly the Z − Z ′ mixing [29℄. In astrophysial
models oming from high energy onsiderations, it has been suggested that non-baryoni dark matter ould have
exoti astrophysial origin where a possible mirror matter desribed by extra symmetries [30, 31℄ emerges as an
interesting possibility. In our ase, an extra and/or mirror matter has a topologial origin as it was suggested in the
Ref. [30℄ and the Lorentz violation ould imply optial astrophysial eets that inuene the red-shift deviations, the
anisotropy of the Cosmi Radiation Bakground, and possibly masks the observational eets of topologial defets.
Finally, we analyze the spetrum of the two independent dynamial models obtained after the SSB mehanism. In
the gauge-KR setor, we obtain the ondition on the mass parameters and the xed vetor so has to have a physially
onsistent ondition where the mass term to the 2-form matter eld is ruial. We obtain that the longitudinal part
has no dynamis. The result is that this setor ould represent the eetive dynamis of a harged spin-1 partile.
On the other hand, the Higgs-KR setor an represent the dynamis of a massive neutral partile that, due to the
Lorentz violation, an only be analyzed in the longitudinal and transverse projeted degrees of freedom. Indeed, from
another way this partiular feature of Lorentz violation is emphasized in its lassial eletromagneti version[32℄, and
in the perturbation studies of the model[33℄. We obtain the onditions on the mass parameters (topologial and not)
to get physially onsistent degrees of freedom at tree-level. In this setor, the xed vetor bµ ditates a preferred
diretion in spae. We an onlude to given the perspetive to ompute a dimensional redution of the KR model
from (1 + 3)D to (1 + 2)D, where we an onjeture the existene of harged vetor-solitons derived o topologial
solutions in (1 + 2)D, whih is the study of a forthoming work [19℄.
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